Bacterial outer membrane porins have a robust ␤-barrel structure and therefore show potential for use as stochastic sensors based on single-molecule detection. The monomeric porin OmpG is especially attractive compared with multisubunit proteins because appropriate modifications of the pore can be easily achieved by mutagenesis. However, the gating of OmpG causes transient current blockades in single-channel recordings that would interfere with analyte detection. To eliminate this spontaneous gating activity, we used molecular dynamics simulations to identify regions of OmpG implicated in the gating. Based on our findings, two approaches were used to enhance the stability of the open conformation by site-directed mutagenesis. First, the mobility of loop 6 was reduced by introducing a disulfide bond between the extracellular ends of strands ␤12 and ␤13. Second, the interstrand hydrogen bonding between strands ␤11 and ␤12 was optimized by deletion of residue D215. The OmpG porin with both stabilizing mutations exhibited a 95% reduction in gating activity. We used this mutant for the detection of adenosine diphosphate at the single-molecule level, after equipping the porin with a cyclodextrin molecular adapter, thereby demonstrating its potential for use in stochastic sensing applications.
gating ͉ MD simulation ͉ OmpG ͉ stochastic sensor E ngineered protein pores can be used as stochastic sensors for single-molecule detection (1) . The ionic current flowing through a pore under an applied potential is altered when an analyte binds within the lumen (1) . Measurement of the frequency of occurrence of the binding events allows the determination of the concentration of an analyte, while the nature of the events (e.g., their amplitude or duration) aids in analyte identification. To date, studies of proteinaceous stochastic sensing elements have mostly focused on staphylococcal ␣-hemolysin (␣HL), a ␤-barrel pore-forming toxin (1, 2) . However, the stoichiometry and symmetry of the heptameric ␣HL pore generate a large number of combinations and permutations when more than one type of subunit is used (3) , which makes it difficult to fine-tune the properties of the pore. Therefore, it would be highly desirable to design a stochastic sensor based on a monomeric ␤-barrel.
OmpG is a monomeric porin from the outer membrane of Escherichia coli that presents an attractive alternative to ␣HL for stochastic sensing (4) (5) (6) (7) . Previous studies have shown that OmpG undergoes pH-dependent, voltage-dependent, and spontaneous gating (4, 5) . Specifically, the pore tends to close when the pH decreases to below 7 or when the voltage is higher than Ϯ100 mV (5). At neutral pH and an applied potential lower than Ϯ100 mV, OmpG exhibits a spontaneous gating behavior-i.e., it rapidly switches between open and closed states (Fig. 1A) . Such spontaneous gating interferes with the application of a pore as a biosensor. Therefore, eliminating or significantly reducing the intrinsic gating activity of OmpG would be an important step in the development of an alternative to ␣HL.
The x-ray and NMR structures of OmpG (6) (7) (8) reveal that, like the heptameric ␣HL, OmpG has a 14-stranded ␤-barrel architecture. The strands are connected by long loops on the extracellular side and short turns on the periplasmic side of the outer membrane. The structures determined by Kuhlbrandt's group show that OmpG adopts an open conformation at neutral pH (pH 7.5), whereas at acidic pH (pH 5.6) it is closed (Fig. 1) . In the closed state, strand ␤12 is partly unfolded to extend loop 6 (L6), which in turn folds into the barrel lumen and occludes the pore (Fig. 1) . We hypothesized that the flexibility of L6 and strand ␤12 might be responsible for most of OmpG's spontaneous gating activity. Therefore, we developed a twofold approach to stabilizing the positions of strand ␤12 and L6 in an open conformation. First, a disulfide bond was created between strands ␤12 and ␤13 by introducing cysteine residues at positions G231 and D262, which are located at the extracellular ends of strands ␤12 and ␤13, respectively [supporting information (SI) Fig. S1 ]. The oxidized form of this protein will be referred to as S-S and the reduced form as SH-SH. Second, all three x-ray structures of OmpG reveal a bulge in strand ␤11 at residues L214 and D215 (Fig. S1) (6, 7) . The side chains of these adjacent residues point in the same direction, rather than in opposite directions, which causes a mismatch in hydrogen bonding between strands ␤11 and ␤12. Therefore, we optimized the hydrogen bonding by deleting residue D215. The wild-type protein and the mutants were characterized by molecular dynamics simulations and single-channel electrical recording. Gating was reduced in both mutants and therefore they were combined in a double mutant (S-S/⌬D215), which was fitted with a molecular adapter, heptakis-(6-deoxy-6-amino)-␤-cyclodextrin (am 7 ␤CD), and tested as a sensor for the detection of ADP.
Results

Molecular Dynamics (MD)
. MD simulations of the wild-type protein, in the open and closed conformations (Protein Data Bank entries 2IWV and 2IWW, respectively) and of the S-S and ⌬D215 mutants were performed for 10 ns. Models of the mutants were created by aligning the mutant sequence with the wild-type sequence and then threading this onto the open-conformation x-ray structure (2IWV) as a template. The ⌬D215 mutant was generated by homology modeling using MODELLER. In all simulations, the ionizable protein residues were modeled in their default states at pH 7. In each simulation, the root mean square deviation (RMSD) of the C ␣ atoms from the starting structure at t ϭ 0 ps rose steadily before reaching a plateau value after Ϸ3
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ns, indicating that the simulations had equilibrated. Following the general pattern seen in MD simulations of other outer membrane proteins (9), the structural drift was greatest for the extracellular loops and lowest for the transmembrane barrel regions. The RMSD of the ␤-barrel regions, in the wild-type and mutant simulations, had plateau values of Ϸ1.3 Å after 10 ns.
Principal Components Analysis. Principal components analysis enables the isolation of global concerted motions from local conformational fluctuations. We have analyzed the motion described by eigenvector 1-i.e., the lowest frequency motionfor each simulation by calculating the two extreme projections of the eigenvector on the time-averaged structure and then interpolating between these extremes. In each case, the motion is dominated by L6. The dominant motion of L6 in 2IWW (closed), S-S, and ⌬D215 is a movement away from the barrel mouth (Fig.  2) . In contrast, the dominant motion of L6 in 2IWV (open) is toward the mouth of the barrel.
Pore Dynamics. Pore diameter profile analysis [using HOLE (10) ] revealed that after the 10-ns simulations, the mutant pores in general are wider than wild-type pores. We calculated the pore diameter profiles of both crystal structures used to initiate the wild-type simulations (2IWW and 2IWV) and compared them with the average pore profiles over the last 200 ps of each simulation (Fig. 3) . As expected, the main differences in the diameter are at the extracellular ends of the pores. The pore diameter in the x-ray structure of the closed protein (2IWW) is only Ϸ1.4 Å at its narrowest point, which is too narrow to allow the passage of hydrated ions. This constriction is caused by the collapse of strand ␤12 and the folding of L6 into the lumen of the ␤-barrel. In contrast, the narrowest region of the pore in the open-conformation structure (2IWV) is Ϸ8.0 Å and hence sufficiently wide for the passage of hydrated ions. The pore profiles averaged over the last 200 ps of the simulations reveal that by the end of the simulations of the wild-type proteins, the diameter of the open conformation has been reduced from Ϸ8.0 to Ϸ4.2 Å at the narrowest point, whereas the diameter of the closed conformation has increased from Ϸ1.4 to Ϸ6.0 Å. This dynamic behavior of the pore-i.e., widening and narrowing at the extracellular mouth of the barrel-arises largely from the motion of L6 as discussed above. It is interesting that the narrowest regions in the pore in the two simulations of the wild-type are at slightly different locations within the barrel. The location of the Ϸ4.2-Å-diameter constriction in the 2IWV pore after 10 ns of simulation is at the mouth of the barrel, whereas the Ϸ6.0-Å-diameter constriction in the 2IWW pore is located slightly nearer the center of the barrel. This difference can be explained by examining the nature of the constrictions. In 2IWW, before the simulation, the constriction is formed by the collapse of strand ␤12 and the folding of L6 into the lumen of the barrel. Although movement of L6 out of the pore is observed in 2IWW after the simulation, strand 12 remains folded into the pore and a significant constriction remains. The constriction in 2IWV after simulation is due only to the folding of L6 into the pore and hence is located at the mouth of the barrel. The collapse of strand ␤12 is not observed on this time scale. After simulation, S-S remained in the open conformation. Indeed, the pore diameter is Ͼ8 Å in the narrowest region after 10 ns of simulation-i.e., the pore is wider than that in the x-ray structure of the open conformation. At the end of the simulation, the ⌬D215 pore is narrower than the S-S pore after simulation and the 2IWV x-ray structure but wider than both the 2IWW and 2IWV pores (after simulation).
Hydrogen Bonding. The x-ray structures of OmpG in the open (2IWV) and closed (2IWW) conformations and analysis of the conformational dynamics of the pores from MD simulations of the wild-type protein and mutants implicated loop L6 and strand ␤12 in the spontaneous gating of OmpG. We have analyzed the pattern of hydrogen bonds (H-bonds) in these regions in an attempt to understand how OmpG might be stabilized in an open conformation. During the simulations of the wild-type protein, there are Ϸ10 Ϯ 2 H-bonds (average number Ϯ standard deviation over 10 ns of simulation time) between strands ␤10 and ␤11 in both simulations and Ϸ12.0 Ϯ 2.5 H-bonds between strands ␤11 and ␤12 in the simulation of 2IWV (open), compared with only Ϸ9.0 Ϯ 2.5 in 2IWW (closed). This suggests a correlation between the higher number of ␤11/␤12 H-bonds and the openness of the pore. Thus, in the closed state, strands ␤11 and ␤12 are unable to form their full complement of H-bonds because ␤12 is folded into the interior of the ␤-barrel. The number of H-bonds between strands ␤10 and ␤11 in S-S is similar to that in the simulations of the wild type, but for strands ␤11 and ␤12 the number is similar to that of 2IWW. The number of H-bonds between strands ␤10 and ␤11 and strands ␤11 and ␤12 in ⌬D215 is Ϸ13.0 Ϯ 2.6 for both, indicating that the removal of D215 allows formation of a greater number of interstrand H-bonds.
Single-Channel Recording of OmpG Variants. All OmpG variants were expressed in inclusion bodies in E. coli and purified by ion-exchange chromatography. After the proteins had been refolded (SI Materials and Methods and Fig. S2 ), single-channel current recording was performed. The OmpG mutants exhibited (Table S1) , which is similar to that of the monomeric wild-type pore (4) (5) (6) (7) . This indicates that the mutants insert into the lipid bilayer as monomeric pores and that the overall structure is not affected by the mutations described here. Based on the pattern of gating, we observed that all variants of OmpG can insert into the lipid bilayer in either orientation-i.e., the extracellular domain can be located in either the cis or the trans chamberwhen the protein is added to the cis side. The pattern of the gating noise in the single-channel recordings is asymmetric with respect to the polarity of the applied potential-i.e., one current trace is always quieter than the one acquired at the opposite potential (Figs. S3-S6) . We named the orientation in which the pore shows a quieter trace (Q-trace) at negative potential as ''heads up,'' with the other orientation as ''tails up.'' Following this definition, typical Q-trace recordings for all of the mutants in the ''heads up'' orientation are shown (Fig. 4A ). In comparison with the wild type, S-S shows a reduced level of gating at Ϫ50 mV as indicated by the lower number of current spikes (Fig. 4A) .
Cleavage of the disulfide bond by the addition of DTT (to yield SH-SH) transforms the protein into a noisier pore, indicating that it is the presence of the disulfide bond rather than the cysteine residues that is responsible for the reduction in gating events. Fewer gating events were also observed with the ⌬D215 mutant.
To quantitatively evaluate the effect of the mutations on gating, two parameters are introduced: (i) the gating frequency ( f, events/s), defined as the total number of gating events divided by the recording time; and (ii) the gating probability (P gating ), defined as the total time for which a pore is in the gated state (closed or partially closed) divided by the total recording time (all states). The former is a direct measure of the gating activity of the pore, whereas the latter describes the equilibrium between the closed and open states. The gating properties derived from the Q-traces of each OmpG variant are summarized ( Fig. 4C and Table S2 ). In both S-S and ⌬D215, the gating frequency ( f ) was decreased to 27% and 34% of the wild-type values, respectively (Fig. 4C) . Breaking the disulfide bridge (to give SH-SH) increased f by 2-fold to 60% of the wild-type value (Fig. 4C) . A shift in the gating equilibrium (P gating ) toward the value for the open state was also observed for ⌬D215 and S-S. In the case of ⌬D215, the improved H-bonding drives the equilibrium toward the open state by 7-fold. Because of the presence of a few very long duration events in the recordings of S-S, this mutant had a similar P gating to ⌬D215, although it closed less frequently than ⌬D215.
Although both mutations (S-S and ⌬D215) reduce gating, they have different effects on two characteristics of the gating events: the amplitude of the current block and the duration of the current block (mean dwell time) (Fig. 4B) . For the wild-type protein, the gating amplitude ranges from 12% to 85% current block and the dwell time of the events ranges from 30 s to 1 ms. The introduction of a disulfide bond between ␤-strands 11 and 12 (S-S) greatly decreased the amplitude of the events (Ͻ40% current block). When the disulfide bond is reduced (SH-SH), the amplitude of the gating events increases. These data indicate that the disulfide bond reduces the flexibility of strand 12, which, we propose, is responsible for high amplitude current blockades. Disulfide formation had little effect on the dwell time of the gating events. However, Ϸ2.5% of the events in the current traces of S-S have a long duration ( Ͼ 10 ms) and were absent in the recordings of the wild type. In contrast to S-S, events with a high magnitude of current block are observed with the ⌬D215 mutant, while the mean dwell time of the events is reduced. Notably, the events with high current block and a long dwell time seen in recordings with wild-type OmpG are greatly diminished in the 2-D (current block versus dwell time) events distribution plot of ⌬D215. The plot also reveals that the events with a low magnitude of current block and short dwell times are not affected by the ⌬D215 mutation. This result is consistent with the simulation data because the deletion of D215 enhances the H-bonding between strands ␤11 and ␤12. Therefore, the long current blocking events, which most likely require more extensive unfolding of strand ␤12, become unfavorable because such a conformational change requires the breaking of an additional approximately two H-bonds. The short, low-block events, which are present in the 2-D events distribution plot, probably require the breaking of fewer hydrogen bonds (Fig. 4B) . We combined the two mutations to create a double mutant (S-S/⌬D215), in an attempt to further reduce the gating noise. After adding this ''double lock'' to the gating strand ␤12, the gating signals were further diminished (Fig. 4) . The gating frequency f in S-S/⌬D215 was Ͻ4% of the value for the wild-type pore and P gating shifted toward the open state by a factor of Ϸ30 ( Fig. 4C and Table S2 ). The events distribution plot shows that the majority of gating events are restricted to a zone with low current block (Ͻ60%) and short duration time (Ͻ0.6 ms) (Fig.  5) . Therefore, our strategy produced a quiet protein pore (named qOmpG) that might be used to resolve analyte binding events with durations of Ͼ0.6 ms or high amplitude block Ͼ60% without compromise.
Stochastic Detection of ADP by qOmpG⅐am7␤CD. Cyclodextrins (CDs) have been established as adapters for the ␣HL pore, allowing the detection of a wide variety of organic molecules through stochastic sensing (11, 12) . We tested the ability of qOmpG to bind heptakis-(6-deoxy-6-amino)-␤-cyclodextrin (am 7 ␤CD) (13). am 7 ␤CD is a positively charged ␤-cyclodextrin derivative in which the seven primary hydroxyl groups are replaced with amino groups. After a single qOmpG insertion had occurred, the current was recorded for 10 min at Ϯ50 mV to provide the background level of events arising from gating of the pore (Fig. 5) . Next, am 7 ␤CD was added to the cis chamber with the pore in the ''heads up'' orientation, and current recordings were performed at Ϫ50 mV. The addition of am 7 ␤CD caused reversible partial blockades of the ionic current passed by qOmpG (Fig. 5A) . At Ϫ50 mV, the unitary conductance was reduced from 1.21 Ϯ 0.06 nS (qOmpG) to 0.24 Ϯ 0.02 nS (qOmpG⅐am 7 ␤CD) (Fig. 5A) . The 2-D events distribution plot revealed a single population of events with Ϸ80% current block, which suggests that there is only one binding site for am 7 ␤CD within the qOmpG lumen (Fig. 5B) . The dwell time histogram of the am 7 ␤CD binding events constructed after recording at an applied potential of Ϫ100 mV can be fitted to a single exponential function yielding a mean dwell time of 1.6 Ϯ 0.3 (n ϭ 3) ms, which is comparable with the lifetime of the ␣HL⅐␤CD complex used for analyte detection (12) . Therefore, we examined whether the qOmpG pore might be used to detect ADP. Because ADP is negatively charged, it was added to the trans chamber. In the absence of the analyte, the current exhibited two levels, open and blocked by am 7 ␤CD (Fig. 6B ). The addition of ADP caused a further Ϸ16 pA of current block on top of the am 7 ␤CD binding events (Fig. 6C) . The residence time of the ADP was 0.42 Ϯ 0.02 ms (n ϭ 3). Thus, the signal block can be used to identify and quantify ADP (1).
Discussion
Potential of OmpG as a Biosensor. qOmpG has the potential to become the first monomeric stochastic sensing pore. We show here that qOmpG, in combination with a molecular adapter, can be used to detect ADP. The utility of qOmpG as a sensor might be expanded by tailoring the properties of the pore and by the selection of different molecular adapters (14, 15) . Furthermore, protein nanopores are currently being investigated for their utility in sequencing single molecules of DNA (13, (16) (17) (18) (19) . When a single-stranded DNA (ssDNA) is electrophoresed through a pore, such as heptameric ␣HL, its sequence might be read from fluctuations in the ionic current characteristic of each of the four bases. However, in contrast to ␣HL, the monomeric structure of OmpG would allow complex patterns of amino acid side chains to be introduced more readily into the lumen of the pore to facilitate DNA sequencing. For example, positive charges could be placed along one side of the ␤-barrel to align the DNA backbone, leaving the other side of the pore available for base reading. An alternative sequencing method might also benefit from the quiet monomeric porin (13) . By attaching an exonuclease to a protein pore, the nucleoside monophosphates cleaved by the enzyme might be read one base at a time (13) . A qOmpG-based nanopore with an exonuclease attached should be easier to prepare than ␣HL hetero-heptamers containing a single exonuclease. MD was applied to identify factors implicated in the gating activity of OmpG, which we then verified by single-channel recording experiments. MD greatly accelerated the discovery of pores with reduced noise, avoiding a random mutagenesis and screening process. This synergistic approach could help to remove the remaining noise associated with qOmpG and aid in the introduction of specific analyte detection sites. Again, by combining MD and single-channel recording, the qOmpG pore might become a useful model system with which to gain insights into important biological processes, such as transmembrane polymer translocation (e.g., DNA and polysaccharides) or nutrient uptake (e.g., sugars and amino acids).
Spontaneous Gating Mechanism of OmpG. The mechanisms governing the spontaneous gating of ␤-barrel porins are complex and vary from porin to porin. Outer membrane protein A (OmpA) from E. coli contains eight ␤ strands forming a small pore Ϸ15 Å in diameter (measured from C ␣ to C ␣ ) (20) (21) (22) . The gating of OmpA is associated with breaking and rearrangement of the salt bridges in the center of the barrel (21, 23) . In the case of the trimeric porin OmpC, it has been proposed that spontaneous gating is related to the positioning or flexibility of loop 3, which folds to form an eyelet (constriction zone) within the pore (24, 25) . It has been previously suggested that, under acidic conditions, L6 is implicated in the pH-dependent gating of OmpG (7). However, our results indicate an additional explanation for the role of this loop in the gating. Because both MD simulations and single-channel recording experiments (performed at pH 7.0 and 8.5, respectively) reveal a strong correlation between the gating activity and the mobility of strand ␤12 and L6, we believe that conformational changes of these regions are responsible for the majority of the spontaneous gating of OmpG. It is noteworthy that loop 3 is also related to voltagedependent gating in the trimeric porin family (26) (27) (28) . Thus, strand ␤12 and L6 may also play a role in the pH-gating and/or voltage-gating of OmpG; further work will be required to address this issue.
In conclusion, we have demonstrated that conformational changes of strand ␤12 and L6 in OmpG play major roles in spontaneous gating. By reducing the mobility of strand ␤12 through mutagenesis and disulfide bond formation, we were able to greatly attenuate the gating of OmpG and make a quiet protein nanopore. Furthermore, the engineered pore was fitted with a molecular adapter, am 7 ␤CD, to detect ADP.
Methods
Molecular Simulations. Homology models of the mutants were built by using MODELLER v7 (29, 30) with the x-ray structures (Protein Data Bank entries 2IWV and 2IWW) as templates. The protein was embedded in a preequilibrated, presolvated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer (Fig. S7) . The simulation set-up protocol was similar to that used in previous studies (31, 32) . Ionizable side chains were modeled in their default states at neutral pH based on pK A calculations using PropKA (33) . Counterions were added to give an overall neutral system. 0.5 ns of protein-restrained dynamics were followed by a 10-ns unrestrained simulation run.
Simulation Protocols. Simulations were performed by using GROMACS v3 (34), (www.gromacs.org), with an extended, united atom version of the GRO-MOS96 force field (35) . Long-range electrostatic interactions were calculated by using the particle-mesh Ewald method with a 1-nm cut-off for the realspace calculation (36) . A cutoff of 1 nm was used for the van der Waals interactions. The simulation was performed at constant temperature, volume, and number of particles. The temperatures of the protein, detergent, and solvent were each coupled separately. The Nosé -Hoover thermostat was applied at 300 K with the coupling constant ϭ 0.5 ps (37) . Analyses were performed by using GROMACS routines and locally written scripts. Molecular graphics images were produced by using VMD (10) and PyMOL (38) . 
